Introduction
The Carajás complex located in Southeastern Amazon region comprises one of the largest mineral reserves in the world. There, among other activities that include iron and gold mining, a metallurgic project is under implementation to extract and upgrade copper from sulfide ore. About 1.2x10 9 tonne of copper are present in three deposits extending over an area of 25,000 ha limited at one side by the Salobo river, a water course of about 20 km long. The Mineral Province of Carajás is characterized by an eastwest oriented mountain chain reaching a maximum altitude of 800 m. The equatorial forest cover is quasi-continuous with a large number of creepers, trees of medium height and a few dominant specimens like Bertholletia excelsa.
1,2
The climate is warm tropical to mildly dry with temperatures ranging from 19 to 35 °C. There are two distinct seasons: a wet season from November to May, when 90% of the total rainfall occurs (2,116 mm on average), and a well-defined dry season extending from July to October. 2 In the Salobo area, a 60 m deep altered surface rock containing copper in high concentrations (0.3-1.2 %) bound to goethite, limonite, mica and clays, overlays the main reservoir of copper sulfides. 3 The soil mineralogy is dominated by quartz, kaolinite, plagioclases, amphiboles, biotite, montmorinollites, chlorites and K-feldspar. 4, 5 The 2 Except for the Amazon and Negro rivers and some of their major affluents [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] little is known about the chemistry of waters in the Brazilian Amazon region. Konhauser et al. 15 report a multi-elemental analysis of waters from several Amazonian rivers including the Salobo river, however, the results, in many instances given as smaller than a limit value, cannot be used to support an environmental evaluation.
Due to the magnitude of the water cycle in this region it can be expected that the chemical cycles, the transport of materials and reactivity of possible contaminants will be in great part determined by hydrological conditions. In the case of Carajás, the small-scale operation of the Copper Project over a short period provided a unique opportunity to obtain base line data on the chemistry and reactivity of copper in the neighboring rivers and forecast possible impacts under large-scale operation planned for the near future.
In the present work we discuss the results of a copper survey and speciation in waters and sediments from the Carajás River under the influence of the mining and upgrading activities.
Experimental

Sampling procedure
We performed two samplings at several stations (see Figure 1 ) in the rivers Salobo, Cinzento, Itacaiunas, and in the Igarapés Pojuca, Águas Claras and Prospecto Bahia (not included in Figure 1 ; located southeast of Itacaiunas). The first sampling was performed in November 1989 just prior to the beginning of the wet season and the second in June 1991 at the end of the wet period. In the second sampling the number of stations decreased from 20 to 11 due to access and transportation difficulties. In each sampling river water, sediments, ground water, exploration gallery waters (station 8), solid waste and copper ore were sampled.
Station 1 is at a site considered as the source of the Salobo Rriver. The main river course, however, is formed by the input of several small streams all the way down to station 6. Upstream station 6 a dam has been constructed for provision of water. Station 8 (not shown in Figure 1) is not directly on the river but at a stream draining from an exploration gallery in the vicinity of the pilot plant. Station 7A receives input from station 8, and station 9 is in the Igarape Mirim, a small river entering the Salobo. Stations 14 to 17 and 19 are in the Itacaiunas River and station 18 is in the Cinzento River downstream the waste disposal site.
Waters were sampled with the help of a fishing rod (~3m long) with 1 L polyethylene bottles attached to the end of an acrylic support which also maintained the bottle closed when submerged. Samples were collected from the riverbank, avoiding re-suspension of bed particles, or from a motorboat. The waters were immediately filtered and processed for speciation as explained below and thereafter stored frozen in the sampling bottles enclosed in polyethylene bags.
At each sampling station, water velocity and depth and the river width were measured as basis for estimating flow rates.
Sediments were collected using either a 10cm diameter PVC tube, in deeper sites, or a polyethylene shovel. We took sediments preferably from low energy sites and mixed several samples collected at 2-3 m distance from each other at each station. Samples from the first 15 cm of sediments were stored in clean polyethylene bags at 4 o C or frozen at -20 o C depending on the analytical objective.
Analytical procedures: waters
Water aliquots were filtered through 0.4 mm Nuclepore filters, 0.45 mm Millipore filters and 0.7 mm fiber glass filters for determination of particulate copper, suspended matter and particulate organic matter (POM), respectively. The Millipore filtrates were used for determination of Ca, Mg, Na, K, Cl -, NO 3 -, PO 4 3-and SO 4 2-. In the particulate matter Al, Fe and Mn were determined after treatment with HNO 3 , H 2 O 2 and HF in Teflon digestion bombs. 20 For the analysis of cations we used Flame Atomic Absorption (Perkin Elmer 1100) and for anion determinations, Ion Chromatography (Dionex 4500 1). Dissolved copper was determined in the Nuclepore filtrate as described below, and dissolved organic and inorganic carbon in the fiberglass filtrate using a TOC Beckman Analyzer 915B. POC was determined using a LECO CS-244 instrument. Temperature and pH were measured in situ.
The procedure for Cu speciation was based on that described in Nürnberg, 21 Cu to 500 mL, waiting 2 h for equilibration and then injecting the spiked sample through two Sep-Pak C 18 cartridges connected in series. Copper complexes were eluted using 6 mL of methanol after washing the cartridges with 20 mL of Milli-Q water. A second set of cartridges treated as above was used to elute more polar copper complexes with a 1:1 methanol-water solution. The complete procedure was executed within 5 to 6 h after sampling. The methodology for complexing capacity determination described by Plasivic 23 and van den Berg 24 was also applied to samples from station 12. For this, aliquots of the Nuclepore filtrate at ambient pH (6.24) were transferred to 20 mL polarographic Teflon cells and spiked with 320 nmol L -1 , 630 nmol L -1 , 2360 nmol L -1 and 6460 nmol L -1 of copper standard solution, respectively. The solutions rested for 12 h for equilibration before ASV analysis using Merck Suprapur KCl as supporting electrolyte. The same procedure was performed for an aliquot acidified at pH 1.8 with Merck Suprapur HNO 3 . The complexing capacity and the "stability constant" were calculated following the method of Ruzic. 25, 26 All copper determinations were performed using Anodic Stripping Voltammetry (EG&G 384 B Polarographic Analyzer coupled to an EG&G 303 A HMDE) except for the organic extracts that were analyzed by GFAAS (Perkin Elmer 1100). The optimized ASV conditions were: initial potential, -0.550 V; final potential, + 0.180 V; pulse height, 50 mV; scan rate, 4 mV s -1 ; scan increment, 2 mV; medium drop size; deposition times, 30 to 460 s. We used the standard addition method for quantification and performed three determinations for each sample. Under these conditions the detection limit was 0.22 nmol L -1 and the standard deviation of the method, calculated from the results of three replicates, was 11% at a concentration of 60 nmol L -1 . The quantification in Baseline Studies on Water and Sediments in the Copper Mining Region of Salobo-3A Vol. 13, No. 2, 2002 GFAAS was also made by the standard addition method using for each sample two replicate analysis. The detection limit for copper in this case was 0.2 nmol L -1 . Sampling and storage materials, filters, Teflon polarographic cells, Sep-Pak cartridges and polyethylene syringes were pre-cleaned as required for ultra-trace determination. Reagents were Merck Suprapur grade and the water used either for cleaning or in the tests was obtained from a Milli-RO/Milli-Q system. Storage bottles were protected with double polyethylene bags before and after sampling.
Analytical procedures: sediments and other solids
Sediments were dried at 50-60 o C, ultra-sonically deaggregated, homogenized and sieved through Teflon sieves. To 0.5 g of the < 63 mm fraction we added 10 mL of concentrated Merck p.a. HNO 3 Samples of copper ore and solid waste, collected at the pilot plant, were pulverized and divided into two aliquots later used in the semi-quantitative analysis of main components by Emission Spectrography (RSV-SPN 3.5/ 500 Ph), and in the AAS determination of Cu, Na, K, Ca and Mg, after total digestion with HClO 4 , HF and HCl. Tables 1 to 5 show the experimental results obtained so far.
Results and Discussion
Chemical properties of the waters
As observed in several rivers of the Amazon region, 7, 8, 10, 15 concentration of major dissolved components is low compared to the average composition of North American and world rivers 27 except for sodium. Sulfate in many samples from the dry season was below the detection limit. In general, there is no strong evidence of a decrease in cation concentration (Table 1) during the wet season. In some stations, concentrations were smaller in wet season samples but averages of all measured values for wet and dry season were not statistically different at the 95% significance level. However, chloride and nitrate concentration decreased significantly in the wet season, This reduced organic contribution is in accordance with the low organic matter content, 1-2%, of soils in the region. 30 Tables 2 and 3 show the results for copper speciation. The total copper distribution along the Salobo suggests a natural source of copper at the Salobo spring (station 1) where concentrations are significantly higher than in the other pristine area. The natural background concentration is around 50 -60 nmol L -1 , a relatively high value that In Igarape Mirim (station 9) we measured the lowest total copper concentration of the survey area, equal to 13.2 nmol L -1 . Station 14, at the mouth of the Salobo River, shows concentrations above the average of the other sites in the Itacaiunas River, both in the dry and wet seasons, probably resulting from the environmental disturbances upstream in the Salobo.
Copper concentration and speciation in waters
The molar ratio of labile copper to dissolved calcium is 2.8x10 -4 ± 3.1x10 -4 in the dry season and 2.2x10 -4 ± 1.9x10 -4 in the wet season. These results confirm that ground water is a major source of cations to the river system, including copper. The above ratio in ground waters ranges between 6x10 -3 and 14x10 -3 . The one order of magnitude difference between the ratio in surface water and in ground water may result from copper sorption on soil particles and sediments when water migrates from the aquifer to the river.
Except for stations 1 and 8, in the dry season, the major fraction of copper is in the "dissolved state" which here includes colloidal material. Station 8 seems to be an important source of particulate copper. There the particulate fraction (196.3 nmol L -1 in the dry season to 309.7 nmol L -1 in the wet season) is 3 times the dissolved copper value (Cu dis = 60.6 nmol L -1 ) in the dry season, and 6 times in the wet season (Cu dis = 48.3 nmol L -1 ). Station 11 shows a strong increase in particulate copper in the wet season probably derived from the output of the exploration gallery area. In the Itacaiunas, the particulate copper is only about 10% of the "dissolved copper" in the dry season except for station 14 (70%) that is evidently influenced by the activities in the Salobo, and station 18 located downstream the mouth of the Cinzento River. Although in the wet season particulate matter concentration decreases in the Itacaiunas, the total particulate copper and the ratio of particulate to dissolved copper increases most probably due to a substantial input of copper enriched material from the Salobo. There is no correlation between the concentration of particulate copper and total particulate or organic particulate matter.
For some stations we calculated "sorbed copper" as the difference between "labile copper" and the copper concentration measured in unfiltered samples at pH 2 (sorbed copper). For station 8, 88% and 98% of the particulate copper in the dry and wet season, respectively, became available to the voltammetric determination by acidification at pH 2. In station 7 the "sorbed" concentration increases from 8.5 nmol L -1 to 200 nmol L -1 from the dry to the wet season (63% adsorbed). The same trend is observed for station 11 with "sorbed" concentrations increasing from 3.6 nmol L -1 (28%) to 86.6 nmol L -1 (97%). Evidently, the denudation of soils related to the mining activities results in continuous release of particulate matter containing a higher fraction of weakly bound copper as compared to the natural situation.
The Bahia, Aguas Claras and Pojuca Igarapes are at about 12 km south of the mouth of the Salobo River and are not connected to it or to the Itacaiunas. In the area of Bahia Igarape (stations B1 and B2) there are occurrences of copper but no mining activities. Station B1 is downstream of a small dam constructed for water storage and shows an average total copper concentration (132.5 nmol L -1 of which 96% is "dissolved") comparable to that of station 1 in Salobo. In station B2, as well as in the other two Igarapes, copper concentration is in the background range found for the Salobo (60 to 70 nmol L -1 ) with 50 to 60 % of dissolved copper.
As for the speciation of "dissolved copper", "labile copper" predominates in the majority of the observed sites and in some of the samples "non-labile" copper, that includes ASV inert copper complexes and copper bound to colloidal iron or manganese oxides reducible under UV irradiation, was below the detection limit. There is no correlation between DOC and any of the dissolved copper fractions. In Bahia and Pojuca Igarapes more than 80% of the "dissolved copper" is "labile" while in Aguas Claras this fraction drops to 30%. Although conditions are variable from river to river and from station to station there is a general tendency of copper to appear in the "dissolved labile" fraction in sites under natural conditions. Peaks of particulate copper are associated with sites under influence of the pilot plant.
For a number of stations we calculated the distribution of inorganic species of copper using the "labile" copper concentration, the major constituent concentration, pH, DIC and the equations and equilibrium constants given below: 27 Ionic copper makes up the major fraction of the dissolved inorganic copper in the wet season (from 55% in station 4 to 90% in station 7A and 11), and the carbonate ion is the main inorganic ligand. In addition, small variations in pH lead to significant changes in speciation because of the second order carbonate concentration dependence on [H + ]. Changes in speciation that may be of seasonal character derive principally from the combined effect of pH and inorganic carbon (smaller values in the wet season) variations. In samples from stations 7A and 11, which are influenced by activities at the pilot plant, about 90% of the dissolved inorganic copper is in the free ionic form both in the dry and wet season.
The complexing capacity calculated from voltammetric experiments (1.7 mmol L . The complexing capacities determined using the SEP-PAK C-18 copper extraction varied from 28 % at station 19 to 90 % at station 7. The high value of copper bound (90 %) in station 7 compared to other stations may result from the anthropic activities, for example, forest clearing, which increase the provision of additional soluble and colloidal binding sites. Leaching from the xanthate treatment waste may contribute to increased complexing capacity in station 7. Although DOC data are not available for the wet season, lower values than in the dry season can be expected because of dilution. Since in station 7 DOC was below the detection limit in the dry season, it is reasonable to assume that colloidal iron oxides account for most of the measured complexing capacity. Both the high values of particulate Fe and Mn and the predominance of more polar binding sites in station 7 (copper in the methanol-water fraction: 77 % in station 7; 93 % in station 14; 50-60 % in stations 12, 13, 15 and 19) reinforce this assumption.
The two Itacaiunas stations (S15 and S18), upstream the Salobo confluence, show lower complexing capacities and equal copper partitioning between methanol (nonpolar compounds) and methanol-water (semi-polar compounds) extraction. There, DOC values in the dry season were substantially greater than in the Salobo.
Although complexing capacities of some units of mmol L -1 should be sufficient to bind a significant portion of the available dissolved copper (~10 -2 mmol L -1 ), speciation results show that, at the original copper levels in the water samples, binding sites are unavailable, possibly due to successful competition of hydrogen, calcium and other ions for these sites.
Copper concentration and speciation in sediments
Sediment mineralogy comprises chlorite, kaolinite, Kfeldspar, vermiculite, quartz, serpentines, mica and hematite. Other minerals were rutile, illite and plagioclase as accessories. Itacaiunas sediments are enriched in organic carbon (5.15 -9.09 %) compared to those from Salobo (0.60 -4.10 %) and, in general, organic carbon content in the dry season was smaller than in the wet season. There is no relation between organic carbon content and total copper concentration in sediments.
Copper concentration in the Salobo sediments (Table 5) In the Salobo and Itaciaunas, the ratio of Cu/Al in the sites not immediately influenced by mining activities is in the range of 30-100x10 -4 . Mining activities resulted in large increase of the Cu/Al ratio as observed in stations 7 (2.836x10 -4 ), 8 (5.301x10 -4 ) and 7A (10.260x10 -4 ). Ratios larger than 100x10 -4 under natural conditions, as, for example, at stations 1, 2, B1 and B2, may be good indicators of copper ore in the vicinity of the sampling site. Other ionic ratios of interest as indicators of alterations are the Cu/Mn and Cu/Na ratios. In the specific case of Salobo the ratio Cu/Mn appears to be a good indicator of copper anomalies due to the small variations observed in manganese concentrations. The Cu/Na ratio was 0.68 in copper containing minerals and 0.32 in wastes, while in sediments from less disturbed sites ratios were, in general, larger than 1. These differences point out an ongoing process of copper enrichment in sediments as compared to the main copper sources. In stations 8 and 7A, Cu/Na ratios, which in the dry season were 74 and 53, respectively, J. Braz. Chem. Soc. decreased to 2.6 and 4.5 in the wet season. The observed decrease derives both from the wash out of copper and from an increase in sodium concentration. In the particulate matter collected during the dry season Cu/Al, Cu/Fe and Cu/Mn ratios were slightly greater than those for sediments. However, in the wet season, ratios in the particulate matter are at least one order of magnitude larger, most probably, due to re-suspension and transport of finer particles, rich in copper. This effect is dramatic in stations 8 and 7A where the increase in particulate copper during the wet season is coupled with a significant decrease in sediment copper.
Copper speciation in sediment has been also affected by human activities. In station 7A there is a substantial fraction of copper associated with the "labile fractions" ("adsorbed" + "organic" + oxidized" = 51%) compared with the less disturbed station 7 (21%) where copper appears mainly bound to the "residual fraction" (79%). The preference for the "residual fraction" increases again downstream in the Salobo with increasing distance from the plant (49% in station 12, 58% in station 14 and 64% in station 15).
Conclusions
The present work provides baseline data for future impact assessment and information on existing environmental alterations for one of the most important mining provinces in the Amazon region.
The nature of the water chemistry in the observed area characterizes a hydrological system of low capacity to (along with an excess of cations over inorganic anions) lead to a low availability of inorganic binding sites for copper. The organic complexing capacity effective at the low natural copper concentrations seems to be smaller than that obtained experimentally after spiking the water samples with high copper concentrations, a procedure that alters the ratio of copper to other competing ions. This is reflected in the predominance of "labile copper" in most of the samples and derives from the competition for the binding sites, for instance, of hydrogen and calcium ions (iron, not measured here, may also be effective), present in higher concentrations. Although the number of sampling campaigns is small to allow conclusions about seasonal behavior, the results point out to a significant change in speciation from the dry to the wet period.
In undisturbed sites, the forested soil maintains particulate matter loads in the Salobo river within the range of 2 to 10 mg L -1 . Significant increase in particulate loads and copper mobilization are observed in areas where the soil has been exposed. Alterations in water and sediment chemistry derived from this process are measurable in the Salobo, adjacent to the mining plant, and in the further away Itacaiunas, a major river in the region. Although we are not yet able to forecast quantitative changes under the future large open pit mining operations, some critical environmental disturbances already going on will be strengthened, as for instance, the increase in total dissolved solids and particulate matter. A very important question to consider in the future is the influence of coming activities on pH and sulfate concentration. From our data we conclude that for the time being there is no measurable impact in the water system derived from sulfide oxidation, a situation that may be different under large-scale operation.
The actual impact of the pilot scale operation on the copper content in Salobo waters can be roughly estimated by comparing the average copper concentration found in stations upstream of the plant with the average of those stations downstream the plant. The observed relative increase ranges from about 50% in the dry season to more than 100% in the wet season.
We used total copper concentration and the average flow rate of 2 m 3 s -1 (dry season) estimated from the river width, depth and speed at each sampling station, to calculate the present transport of copper at seven stations along the Salobo River. There is no significant change in copper transport along the river extension and the total transport during the dry season is close to 25 kg Cu month -1 . The fixation rate in sediments must be small compared to the rate of water transport. The water regime plays an important role in controlling copper fixation in sediments as demonstrated by the lower Cu concentrations found at the end of the wet period. Weathering processes and re-suspension of sediments, intensified during this period, also affect speciation of copper in water, resulting in remarkable increase in inorganic and labile copper together with particulate copper. During the wet season when flow rates are at least 3 times higher and average concentrations increase, total transport can reach more than 100 kg Cu month -1 . The observations and conclusions drawn here may apply to other tropical rivers characterized by the presence of neutral to acidic waters, low chloride content and organic carbon concentration between 2 to 4 mg L -1 . Copper speciation, however, may change drastically in the frequently found situation of rivers subjected to domestic sewage release. In this case contribution of additional organic ligands may reduce copper availability and toxicity to primary producers. 32 
